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ABSTRACT

Underground cables offer more advantages than overhead lines since cables are
better protected and do not detract from the appearance of urban areas. In recent years,
more and more electrical utilities are using cables to distribute electric power to their
customers. However, the cost of installation and maintenance of underground cables is
very expensive. Thus, the proper design and operation of distribution systems are crucial
for economic reasons. To design and operate the distribution system properly, analysis of
the underground cable system is extremely important.
The objective of this dissertation is to analyze the underground cable distribution
system under both normal and faulted conditions to fully understand an underground
cable system. For cables to operate under normal conditions in a distribution system, two
aspects must be analyzed: firstly, the parameters of different types of cables under normal
operation, which include impedance matrix, power loss, and voltage drop; and secondly,
the best configuration of cables in a ductbank based on the total ampacity value. When
faults occur in the underground cable system, three aspects need to be analyzed: firstly,
the magnetic force waveforms of cables during different types of faults; secondly, the
relationship between two types of faults, namely low-impedance short-circuit fault and
high impedance fault; and thirdly, the impacts of a fault on the configuration
optimization.
To calculate the parameters of different types of cables, a program with graphical
user interface was built in MATLAB. Utilizing modeling technology, the magnetic force
analysis of different types of faults was completed using COMSOL software. The impact
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of high impedance fault on ferroresonance was simulated in PSCAD and COMSOL. The
magnetic force waveforms of cables under different faults were calculated and plotted,
and the relationship between water tree and ferroresonance was observed. Then an
optimization program using MATLAB and Yalmip toolbox was undertaken to find the
best configuration of cables in a ductbank based on the total ampacity value. Based on the
optimization results, the best configurations of cables in a ductbank under both balanced
and unbalanced scenarios, even in faulted conditions, were obtained.
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CHAPTER ONE
INTRODUCTION
1.1

Research Objectives

The objective of this dissertation is to analyze the underground cable distribution
system under both normal and faulted conditions.
Nowadays, more and more electrical power is being distributed to customers by
underground cables rather than overhead lines due to their advantages of better protection
and less disruptive appearance. Cables also have significantly reduced electromagnetic
field emissions because of their copper shielding. But cables are deeply buried in the soil
and thus difficult to monitor and repair. So engineers need to fully understand all
properties and potential problems that might happen during the long operation life of
cables.
To fully understand the underground cable systems, two conditions should be
focused on: normal condition and faulted condition. In normal condition, two aspects are
extremely critical: firstly, parameters during operation, such as voltage drop and power
loss; and secondly, the best arrangement of cables to ensure the largest total ampacity
value. Similarly, in a faulted condition, three factors need to be analyzed: firstly, the
change of magnetic forces of cables during a fault; secondly, the impact of one type of
fault on the other type of fault; and thirdly, the impact of a fault on the configuration
optimization results. In this dissertation, all five of these factors are discussed in details,
and the results are shown in each chapter.
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1.2

Cables in Normal Condition

Underground cables are deeply buried below the ground surface and protected by
the surrounding soil. Therefore, cables usually operate under a healthy and normal
condition, which means no fault occurs in the cable system. When cables are operating
normally, the parameters of cables, including the impedance matrix, voltage drop, power
loss and ampacity value of these cables, must be calculated. Based on these values, the
steady-state and transient analysis of cables can be completed [1].
Nowadays, many methods are employed to calculate the impedance matrix of
different types of cables. Dr. Kodzo Obed Abledu proposed that the impedance of cables
could be calculated by subdivision of the conductors in 1976 [2]. A faster computation
method to calculate the impedance matrix of cables was proposed in 2014 [3], which
includes the skin and proximity effects. Using the vector impedance meter to measure
parameters of cables has also been proposed in [4]. The impedance matrix of cables can
also be calculated by the finite element method [5][6].
The Carson line method is the most widely used method [7][8][9][10] to calculate
the impedance matrices of cables. This method is an empirical formula, and it is
explained in detail [11]. It assumes a fictitious line that is laid at a depth below the
ground surface, which is shown in Fig 1.1. It shows Carson line as a returning conductor
of these three-phase cables [12]. The voltage drop on these three-phase conductors and
one returning conductor can be described using the impedance matrix. Then the formula
of self and mutual impedance, after eliminating Carson line, can be formed using the
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Kron reduction method. With the impedance matrix, the power loss and voltage drop of
cables can be easily calculated.

Figure 1.1. Three-phase cables with Carson line.
Voltage drops on these four lines:

(1-1)

Using Kron reduction method on these equations:

(1-2)

In the meantime, several types of software can be used to calculate the parameters
of cables as well, such as CYME [13] and POWER WORLD [14]. After the correct
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models of underground cables are built in the simulation software, the impedance matrix
of cables can be calculated by the software using similar equations.
To calculate the ampacity value of cables, understanding the definition of
ampacity is the first step. Ampacity is the maximum current limitation that allows the
cable to operate under maximum allowable temperature [15]. Several publications
proposed different methods to calculate cables’ ampacities for both single and multiple
cable configurations [16][17][18][19]. Among these methods, two of them are widely
used: the Neher and McGrath method [20] and IEC Standards 287-3-2 [21].
In practice, several cables are generally installed in some compact ductbanks in
order to provide convenient installation of multiple cables in a concrete space [22]. The
total ampacity calculation of all these cables is usually completed by the iteration method,
since the problem includes a set of interrelated equations. But Dr. Moutassem
recommended a more efficient method [23], which involves converting the ampacity
calculation problem to an optimization problem. With the development of optimization
technology, Yalmip toolbox of MATLAB can quickly build the optimization model and
solve this optimization problem using Gurobi [15].
1.3

Cables in Faulted Condition

Two types of faults can occur in an underground cable distribution system: lowimpedance fault and high-impedance fault. Low-impedance fault includes four types:
three-phase fault (3PF), single-line-to-ground fault (SLGF), line-to-line fault (LLF) and
double-line-to-ground fault (2LGF). The SLGF is the most common fault that occurs in a
power system. In fact, more than 85 percent of faults in a power system are SLGF [11].
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Water tree is a very common high-impedance fault of underground cables in
power systems [24]. Water tree is a fault phenomenon that occurs in the insulation layer
of cables. It normally occurs when the humidity of the surrounding soil is higher than 65
percent [25]. The soil humidity at a depth of one meter remains 100 percent for most of
the year. So water tree is prone to occur in underground cables.
There are two types of water tree, which are shown in Fig. 1.2 and Fig. 1.3. Water
tree forms from some small voids and grows by increasing the surrounding voltage stress.
Then fractures occur and are filled with water. The water tree forms and grows in a tree
shape until it reaches the conductor layer of cables and the high-impedance fault takes
place. This type of fault doesn’t cause significant voltage or current change due to the
high impedance of the water tree. It is, therefore, hard to be detected, but it causes
damage, even cable failure eventually, after certain periods of operating time.

Figure 1.2. Different types of water tree.
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(a)

(b)
Figure 1.3. Water tree in cables: (a) vented water tree; (b) bowtie water tree.
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Ferroresonance is another fault phenomenon that more often happens in
underground cable systems compared with overhead lines, since cables have larger shunt
capacitance per unit. Ferroresonance is a highly nonlinear process that is caused by
nonlinear electric elements [26]. It can result in either a short transient or continuous
overvoltage and overcurrent that can reach up to 4 to 6 times the normal values. Thermal
problems in electrical equipment as well as loud noises can also result [50]. Destruction
caused by ferroresonance as collected by the ABB company is shown in Fig. 1.4.

Figure 1.4. Destruction caused by the ferroresonance phenomenon.
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To complete the fault analysis of underground cable distribution systems, various
faults need to be modeled and analyzed in different simulation software. To simulate a
distribution power system, software such as MATLAB, Power World, PSS/E, PSLF,
DigSilent, OpenDSS and PSCAD[14] can be selected. The software could be divided into
two classes: power system analysis modeling, and economic and forecast modeling [28].
To complete steady-state power flow and transient stability analysis, Power World and
PSS/E are normally selected. To finish the electromagnetic transient (EMT) study, the
different electrical elements need to be modeled in detail, and PSCAD is the most
common choice [29]. EMTDC is the engine of PSCAD, which is used to solve the
differential equations of the power system in time domain.
Most simulation programs include fault modules, which can be used directly in
fault analysis. But the high-impedance fault, such as water tree (WT) fault, does not have
a predefined model, and the detailed model must be built. To simulate the WT fault in
cables, there are different methods to model it. The most common method is using a
lumped parameter model. This model involves a parallel resistor and capacitor [30]
[31][32][33]. The equivalent resistance and capacitance are calculated by COMSOL,
based on relative permittivity and electrical conductivity value of WT.
To simulate ferroresonance, four conditions need to be met [27]. Firstly, the
system should include a medium level voltage source. Secondly, the system should
include the electrical elements that can cause ferroresonance, which are capacitor and
inductor. Normally, the capacitor is the shunt capacitor of long-distance underground
cables, and the nonlinear inductor is the saturable iron core of the transformer. Thirdly,
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the system must be a low loss system. If significant losses existed in the system, then the
ferroresonance can be damped out. Finally, single-pole switch occurs in the system to
cause the ferroresonance.
The current and voltage data can be collected from power system simulation
software. But the physical field can’t be calculated directly using this type of software.
To model the physical fields around cables, many other types of software could be
selected such as CYMCAP [13], SPICE [34] and COMSOL [35]. COMSOL
Multiphysics simulation software is a common choice. The AC/DC module of COMSOL
could be used to simulate the low-frequency electromagnetic phenomena [36]. This
module includes essential electrical elements such as resistances, capacitors, inductors
and coils. It can be coupled with the Lorentz Force calculation module and heating
module. As long as the correct physical model and materials are built, this software can
calculate the electrical field, magnetic field, and Lorentz force based on Maxwell
equations. Fig. 1.5 is a physical model of three-phase cables directly buried underground
and built by COMSOL. Detailed data was collected from the Okonite company [43].

9

(a)

(b)
Figure 1.5. Physical model and physical field built in COMSOL.
1.4

Research Contribution

This dissertation used different methods and software for modeling and
simulation of the proposed research. The detailed steps of programming software to
calculate parameters of different types of cables are summarized in Chapter 2. In Chapter
3, the magnetic force analysis during different types of faults using COMSOL and
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PSCAD is described. Chapter 4 focuses on impacts of high-impedance fault on
ferroresonance; the general relationship between water tree and ferroresonance is
examined in this chapter. The configuration optimization of cables in a ductbank based
on their total ampacity value is discussed in Chapter 5, and the best and worst
configuration of cables in a ductbank under both balanced and unbalanced condition are
proposed. The impact of SLGF on the configuration optimization results is analyzed in
Chapter 6. A concluding chapter summarizes the dissertation in Chapter 7.
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CHAPTER TWO
PARAMETERS CALCULATION USING MATLAB
2.1

Introduction

With the development of technology, more and more options are available for
insulated cables in distribution systems. Different cable construction types have different
parameters, electrical field, and magnetic field. In order to efficiently design these cable
systems and adequately model them for system analysis, engineers should be able to
calculate the parameters and understand the electrical/magnetic field of different types of
cables.
Although the methods, which include calculations of impedance matrix, power
losses, and voltage drop, are very mature [11], few types of software are used to calculate
all these parameters for different cables [13]. The objective of this section is to build a
user-friendly software to calculate these parameters with greater flexibility even if the
users are not familiar with the methods of estimating the parameters of different types of
cables. A software that is used to calculate the parameters of different cross-sections of
cables is built by combining the method of estimating these parameters with the graphical
user interface (GUI). Using this software, customers can input or choose any type of
cables, and calculate the parameters they need.
In this dissertation, COMSOL is used to generate physical models for insulated
underground power cables and multi-phase power lines in order to study the time-domain
electrical field, magnetic field, and induced forces of underground cables in distribution
systems [35].
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2.2

Two Types of Cable

Two different types of cables are commonly used in the distribution system:
concentric neutral cable and tape shield cable [11]. Before calculating the parameters of a
cable, the composition of cables has to be studied first. Generally, there are five levels of
different materials. They are a copper conductor, EPR for fixation, insulation EPR,
neutral copper conductors, and a jacket for physical protection as shown in Fig. 2.1.
However, for different types of cables, there are different conductor configurations.

Figure 2.1. Common layer arrangement of a tape shield cable.
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2.2.1 Concentric Neutral Cable
For a common concentric neutral cable, the layer arrangement is shown in Fig.
2.2. The inner layer is normally an aluminum conductor and the second layer is the EPR
insulation. The circles around the insulation layer are several symmetrical copper
conductors named neutral line. The outermost layer is a rubber jacket for physical
protection. When the conductors are connected with a certain source such as 15 kV
voltage, the voltage distribution is shown in Fig. 2.3.

Figure 2.2. Cross section of a concentric neutral cable.

Figure 2.3. Voltage distribution of a concentric neutral cable.
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2.2.2

Tape Shield Cable

For a standard tape shield cable, the layer arrangement is shown in Fig. 2.4. The
inner layer is a copper conductor and the second layer is the EPR insulation. The thin
layer around the insulation layer is a copper shield that is normally grounded. The
outermost layer is a rubber jacket for physical protection. When the conductors are
connected with a 15 kV voltage source, the voltage distribution is shown in Fig. 2.5.

Figure 2.4. Cross section of a tape shield cable.

Figure 2.5. Voltage distribution of a tape shield cable.
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2.3

Calculation Method of Cable Parameters

For medium voltage insulated cables, two types of construction that are
mentioned in Chapter 2 are analyzed: concentric neutral cable and tape shield cable.
Carson line method is used to estimate the impedance matrix and calculate the parameters
of these two types of cables [11].
2.3.1

Carson Line Method for Concentric Neutral Cable

For a concentric neutral cable, equations 2.1, 2.2, 2.3, 2.4, 2.5, 2.6 below are used
to estimate the parameters[11].
(2.1)

(2.2)

(2.3)
(2.4)

(2.5)
(2.6)
where
average earth;

for
is the resistance of the conductor

in

is the resistance of Carson line;

nominal diameter of the cable in inches;

is the diameter of the neutral conductor in

inches;

is the geometric mean radius of the neutral conductor in
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;

is the

is the

resistance of neutral conductor in

;

is the earth constant resistance coefficient;

K is the number of concentric neutral strands; R is the radius of a circle passing through
the center of the concentric neutral strands;

is the equivalent resistance of the

concentric neutral. These parameters are shown in Fig. 2.6 below.

Figure 2.6. Parameters used in Carson line method for concentric neutral cable.
Equation 2.1 and 2.2 are used to calculate self-impedance and mutual impedance
separately.
2.3.2

Carson Line Method for Tape Shield Cable

For a tape shield cable, all equations are the same except equations 2.3 and
2.5[11].
(2.7)

(2.8)
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Figure 2.7. Parameters used in Carson line method for tape shield cable.
Using the above equations combined with some other basic electrical equations,
the impedance matrix of any cross-sections can be calculated. For example, assume the
cross-section below is applied:

Figure 2.8. Sample cable arrangement.
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Using equation 2.1 and 2.2, a 13 x 13 impedance matrix could be developed with
the corresponding conductor positions.
In order to simplify, number all the conductors:
A1 = “1”, C1 = “2”, B1 = “3”, B2 = “4”, C2 = “5”, A2 = “6”

Top Row:

Bottom Row: A1 = “7”, C1 = “8”, B1 = “9”, B2 = “10”, C2 = “11”, A2 = “12”
G = “13”

Ground:

The output impedance matrix is as follows:

Z abcg

 z1,1
 
=
 z12 ,1

 z13 ,1

 z1,12


 z12 ,12
 z13 ,12

z1,13 
 
z12 ,13 

z13 ,13 13 x13

(2.9)

Because the 13th row and 13th column corresponds to the ground conductor, the
ground conductor can be eliminated by the equation:

Z abc

 z1,1  z1,12 
 z1,13 



 1
z13,1  z13,12 
=  
 
−  
z13,13
 z12 ,1  z12 ,12 
 z12 ,13 
12 x12

(2.10)

This equation is also called Kron Reduction [37].
Now the impedance matrix of the line is calculated. But the loads on the bus that
is connected with the ground should be considered too. So the

matrix for the cable

bus plus the load is calculated using

Z abc,total

 z1,1  z1,12 
 Zload ,1 
0 




=  
 
+ 

 
 z12 ,1  z12 ,12 
 0
 Zload ,12 
12 x12
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(2.11)

Using the total impedance matrix established, the current flowing through the
conductors can be calculated using equation 2.11.
(2.12)
where the current vector (I) has 12 x 1 complex numbers for the 12 conductors.
Therefore, the input voltage vector (

), total impedance matrix, and the current

vector can be calculated as
(2.13)
where the input voltages are described in equation (2.14) if the system is
balanced:

Vrated
0
3
V
= VB 3 = VB 4 = rated  − 120
3
V
= VC 3 = VC 4 = rated 120
3

VA1 = VA2 = VA3 = VA4 =
VB1 = VB 2
VC1 = VC 2

2.4

Vinput

VA1 
V 
 C1 
VB1 
 
VB 2 
VC 2 
 
V 
=  A2 
V
 A3 
VC 3 
V 
 B3 
VB 4 
 
VC 4 
VA4 

(2.14)

Results

Using Carson line method, a software that is used to calculate the parameters of
two types of cables for different cross sections was developed. Using this program, users
can input or choose some values, and calculate the parameters they need, such as
impedance matrix, voltage drop and power loss.
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There are two main steps: first, program the MATLAB code to calculate the
parameters; second, build the graphical user interface for this MATLAB program. The
detailed programming steps of this MATLAB program are introduced in Appendix A.
Based on the MATLAB impedance matrix calculation code, the graphical user
interface (GUI) of this program was built, and the sample calculation results were
displayed, as shown in Fig. 2.10. Using this GUI, users can choose and input initial
values before easily calculating the impedance matrix to be used for different
calculations. The instructions for using this software are summarized in Appendix A.

Figure 2.9. GUI interface and impedance matrix results.
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CHAPTER THREE
FORCE ANALYSIS FOR A THREE-PHASE CABLE IN MICROGRID
3.1

Introduction

With the development of technology, underground cables have vast applications
in the field of power systems because of their safety and convenience. However, cables
are deeply buried in the soil and hard to monitor and repair. In reality, the magnetic
forces between multi-phase underground cables are quite powerful and difficult to control
under some conditions. To predict the damage of switching or faults and protect the
system, it is necessary to anticipate the forces of three-phase cables under different
conditions before installation.
Several research projects have studied cables [38][39][40][41], but most of them
focus on steady-state analysis rather than transient study. If some capacitors are switched
on, or some types of faults occur, the transient current could be very strong, causing
significant magnetic forces between cables and even cable failure. The objective of this
chapter is to simulate the magnetic field around cables and characterize the forces on
cables when processes that could lead to changes in magnetic fields occur. Some of these
changes are capacitor switching and different types of faults.
In order to undertake this transient study of cables, two main steps are necessary:
firstly, designing a power system to collect current data of cables during capacitor
switching and different types of faults; and secondly, calculating and plotting the
waveforms of forces on cables using this collected data. The physical field simulation
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method was combined with PSCAD to study how the electrical and magnetical fields
around cables change over time.
3.2

Method of Analysis

This project includes three main steps. Firstly, using POWERWORLD software
to design the microgrid based on an existing published paper. The power flow study is
completed based on the data of generators and loads in the system used to decide the size
of the overhead transmission line and underground cables. Secondly, using the designed
system to build this system in PSCAD and switching the capacitor and introducing
different types of faults to obtain voltage and current data after transient operation occurs.
Finally, exporting the voltage and current data to COMSOL as the input to simulate the
magnetic field’s changing around cables. The forces of cables are calculated by
COMSOL using Maxwell equations. The roadmap of this project is shown in Fig. 3.1.

Figure 3.1. The roadmap of force analysis.

23

3.2.1

Microgrid Design and Simulation

In order to study the magnetic forces and electrical field and magnetic field’s
changes over time during switching and faults (information that is very useful for cable
maintenance and damage prediction), the currents configuration during changing should
be collected. To obtain the three-phase currents in an underground cable and undertake
transient analysis in a microgrid system, a microgrid system with photovoltaic,
synchronous machine and nonlinear loads was designed by POWERWORLD and
simulated in PSCAD software. The total harmonic distortion (THD) and individual
harmonic distortion (IHD) for the system were obtained. The corresponding voltage and
current data of the three-phase cable from Bus 3 to Bus 4 as shown in Fig. 3.2 were also
obtained and exported to COMSOL, which is used to simulate the physical fields as
described in the next chapter.

Figure 3.2. Microgrid system applied to collect current data.
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In order to design this system and choose cables rationally, the microgrid system
was designed carefully in POWERWORLD software based on a previously published
paper. From that paper [42], all the data about loads and distributed generators and the
layout of the microgrid system, shown in Fig. 3.3, was obtained. This system was derived
from a German MV distribution system, and Sub-network 1 was used in this project. The
overhead transmission lines and underground cables were designed based on this data.
Using POWERWORLD simulation software, the power flow of this system can be run to
obtain the MVA limit of each line. Using these results, the sizes of T-lines and cables
using the conductor datasheet and cable company product sheet can be decided. Finally,
it was determined from Bus 1 to Bus 3 that overhead transmission lines be used, and that
others use underground cables. The power flow result of POWERWORLD is shown in
Fig. 3.4, and all the system data is shown in the tables below.

Figure 3.3. Medium voltage microgrid system benchmark network [42].
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Figure 3.4. Power flow results of POWERWORLD software.
TABLE 3.1

PARAMETERS OF DGS AT EACH BUS

Bus No

DG type

P_max(MW)

Bus1
Bus4
Bus5
Bus6
Bus7
Bus8
Bus9
Bus10

PV
PV
PV
PV
Turbine
PV
PV
PV

0.02
0.02
0.663
0.03
25
0.03
0.552
0.254

Bus11
Total

PV
PV

0.01
26.579
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TABLE 3.2

PARAMETERS OF LOADS AT EACH BUS

Bus No

P_max(MW)

Q_max(MVar)

Bus1
Bus1
Bus3
Bus3
Bus4
Bus5
Bus6
Bus7
Bus8
Bus9
Bus10
Bus10
Bus11

15
5
0.276
0.224
0.432
0.725
0.55
0.077
0.588
0.574
0.068
0.477
0.331

8
1
0.069
0.139
0.108
0.182
0.138
0.048
0.147
0.356
0.042
0.12
0.083

Total

24.322

5.532

TABLE 3.3

PARAMETERS OF T-LINES AND CABLES

From
Bus

To
Bus

Conductor or Cable Size

Bus1
Bus2
Bus3
Bus3
Bus4
Bus11
Bus5
Bus6
Bus7
Bus8
Bus9

Bus2
Bus3
Bus4
Bus8
Bus5
Bus4
Bus6
Bus7
Bus8
Bus9
Bus10

O.H. T-line: 1192500
O.H. T-line: 1192500
U.G. Cable: 750
U.G. Cable: 500
U.G. Cable: 500
U.G. Cable: 2
U.G. Cable: 500
U.G. Cable: 750
U.G. Cable: 750
U.G. Cable: 2
U.G. Cable: 2

Bus10

Bus11

U.G. Cable: 2

In this system, Bus 1 to Bus 2 and from Bus 2 to Bus 3 use overhead transmission
lines and all others use underground cables. These cables are single conductor cables with
direct burial method, which is shown in Fig. 3.5. Using this microgrid, capacitor
switching and different types fault can be introduced, and the value of currents in
different lines under different transient conditions can be obtained if needed.
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Figure 3.5. Arrangement of direct burial shield cables [43].
After the parameters of cables, generators and loads are calculated, the microgrid
system can be built in PSCAD. Three main parts form this system. Firstly, the cables and
T-lines model should be established in PSCAD using pi model or frequency dependent
model. Secondly, the PV arrays should be designed to match the DGs data. Thirdly, a
steam turbine, including exciter, governor and turbine model, should be built to as main
source for the selected microgrid system.
The PV array test system is shown in Fig. 3.6 and the PV model includes PV
array, Maximum Power Point Tracker System, DC converter, inverter, and the
transformer, as shown in Fig. 3.7. The PV models are modified based on several
publications [44][45][46]. The output signals of PV array are filtered by a low pass filter,
which is basically an RC circuit, to filter out the high-frequency noise in these signals.
Then after filtering, these signals are the inputs of the maximum power point tracker
system. It is widely known that when PV array operates under different voltage, the
maximum power output of this PV array is different. Thus, the best operating voltage can
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be calculated. Then the DC-DC converter is used to force the PV array to operate under
the best operating voltage. The DC-DC converter includes a PWM circuit, insulated-gate
bipolar transistor (IGBT), diode, capacitor, and inductor. The signal of the IGBT gate is
generated by the PWM circuit, and this signal can force IGBT to switch on and off. This
continuous switching on and off forces the inductor and capacitor to continue charging
and discharging and eventually keeps the PV array operating under the best voltage
condition. Then the converter is connected with a DC-AC inverter, which includes the
PQ circuit and three-phase bridge circuit. The PQ circuit generates three sine-waves and,
compared with a triangular wave, generates the signals of this bridge circuit. The six
IGBTs of the bridge circuit convert DC voltage of the PV array to AC voltage that can be
connected with the main AC power system. When all distributed generations are finished,
the main steam turbine source can be connected to the system, which is shown in Fig. 3.8.
The model for this steam turbine source is built based on a synchronous machine study
[47]. But since the hydro turbine has several restrictions based on the season and water
level, it needs to be replaced by a steam turbine and a similar method to initialize and
control it should be used. Finally, the three main parts of the entire microgrid system are
connected together using different sizes of T-Lines and cables to form the microgrid
system to be studied, which is shown in Fig. 3.2. To improve the voltage drop at Bus 2, a
large capacitor is added at this bus. If the capacitor is switched off during the transient
period, it can be seen how this transient passes through the microgrid system and the
voltage and current data of cables after switching can be obtained at the cable terminals,
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which can be used as the input in COMSOL to simulate the physical field and analyze the
magnetic force after switching and faults.

Figure 3.6. PV array testing system.

Figure 3.7. PV model includes MPPT, converter, inverter, and transformer.
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Figure 3.8. Steam turbine synchronous machine.
3.2.2

Cable Model in COMSOL

The physical field simulation and magnetic force calculation were completed by
COMSOL. Using multi-physics modeling software, physical models for three-phase
insulated underground power cables were built. The input current data was applied to the
multi-phase cables model to study the time-domain electric field, magnetic field, and
induced forces of cables. Simulations include normal operating conditions, capacitor
switching conditions, and short-circuit faulted conditions.
For normal operating condition, when the cable conductor is connected to a 15 kV
voltage source, the voltage distribution of a concentric neutral cable and of a shielded
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cable are shown in Fig. 3.9. To demonstrate the magnetic force between two cables, the
two-dimension and three-dimension physical model of two cables was built in COMSOL,
and the voltage distribution and magnetic force direction and magnitude are shown in
Fig. 3.10 and 3.11. The different colors mean different voltage levels and the red arrows
mean magnetic force directions.

Figure 3.9. The electrical field of two-dimension physical model.

Figure 3.10. Magnetic field and Lorentz force of 2D model.
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Figure 3.11. The magnetic field of three-dimension physical model.
3.3

Results

The current transient waveforms due to capacitor switching and faults of the
three-phase cable from Bus 3 to Bus 4 are displayed in Fig. 3.2 under different conditions
as they were exported from PSCAD to COMSOL. The curve of force as a function of
time was calculated and plotted using Maxwell’s equations in COMSOL.
When the capacitor of Bus 2 is switched, the current data and force changing
configuration are compared with three-phase cables under ideal sine-wave currents. The
results are shown in Fig. 3.12.

Figure 3.12. The force under capacitor switching and under ideal sine-wave current.

33

When the line-to-line fault (LLF) occurs on cables from Bus 3 to Bus 4, the
results of currents waveforms of different phases and force are shown in Fig. 3.13.

Figure 3.13. Forces of cables in the x-direction during LLF.
When the double-line-ground fault(2LGF) occurs on cables from Bus 3 to Bus 4,
the results of currents waveforms of different phases and force are shown in Fig. 3.14.

Figure 3.14. Forces of cables in the x-direction during 2LGF.
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When a three-phase fault (3PF) occurs on cables from Bus 3 to Bus 4, the fault
currents from the three phases and the force results are shown in Fig. 3.15.

Figure 3.15. Forces of cables in the x-direction during 3PF.
Similarly, using COMSOL software for capacitor switching, the total voltage and
current data in the cable between Bus 3 to Bus 4 are plotted as shown in Fig. 3.16. Also,
the magnetic field variation during capacitor switching is also shown in Fig. 3.18 and Fig.
3.19.

Figure 3.16. Voltage data collected of cable from 3 to 4 after capacitor switching.
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Figure 3.17. Direct burial method (left) and underground duct method (right)[43].

Figure 3.18. The magnetic field of the cable under direct burial method after switching.
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Figure 3.19. The magnetic field of the cable under duct burial method after switching.
Fig. 3.18 and Fig. 3.19 show how the magnetic field of cables changes with time
after the switching occurs and their impacts of different installation methods.
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CHAPTER FOUR
IMPACTS OF WATER TREE ON FERRORESONANCE
4.1

Introduction

Underground cables are known to have more significant capacitance than
transmission lines per unit length. Thus, ferroresonance is more likely to occur in
distribution systems using underground cables. Moreover, soil humidity at a depth of one
meter remains 100 percent for most of the year, a factor that risks the occurrence of water
tree (WT) in cables. Consequently, both ferroresonance and WT are prone to occur in
underground cable systems.
The objective of this section is to determine the relationship between
ferroresonance and water tree. A test system was designed to simulate and analyze
ferroresonance in a cable system caused by single-phase switch and water tree. Eight
scenarios of water tree were compared in the simulation. The responses of ferroresonance
and two common patterns are observed from the simulation results[48].
4.2

Theoretical Principles
4.2.1 Ferroresonance

In recent decades, technology has been more and more focused on decreasing
power losses in the power-delivery process, taking into account both economic and
ecological conditions. However, we have to realize the fact that the lower the losses, the
smaller the damping resistive load. So the delivery process becomes more sensitive to
different types of transient behaviors and more susceptible to failure. Ferroresonance is
one of these failures, and it is occurring in more and more situations [49][50].
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Ferroresonance is a nonlinear phenomenon that can generate overvoltage, overcurrent, and harmonic distortion, which is usually caused by a single-pole switch in light
loading conditions. It is a highly nonlinear phenomenon in a distribution system. It takes
place in all systems that include saturable ferromagnetic inductors, neutral or shunt
capacitors and light load, which are shown in Fig. 4.1. It can cause either a short transient
or continuous overvoltage and overcurrent that can reach up to 4 to 6 times the normal
values. It also causes thermal problems in electrical equipment as well as loud noise [50].

Figure 4.1. Conditions of the ferroresonance phenomenon.
In power systems, the iron core of power or voltage transformers is the saturable
inductor. In addition, plenty of equipment are capacitive devices such as the neutral
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capacitance and shunt capacitors of underground cables. Moreover, ferroresonance has a
higher chance of occurrence in a light load or non-load system. If significant losses exist
in the system, ferroresonance can be damped out by the resistive load. For example, in a
one phase open condition, a resistive load of 4 percent of the transformer capacity can
eliminate the overvoltage of ferroresonance [51]. Additionally, the type of winding
configuration in a transformer can also influence ferroresonance [51][52]. So changing
the transformer connection method may also eliminate ferroresonance.
Many circuit structures are vulnerable to this nonlinear resonance phenomenon.
Jacobson identified seven types of circuits in danger of ferroresonance [53]. One of them
is selected in this dissertation to simulate the ferroresonance process; its circuit structure
is shown in Fig. 4.2. In this system, a voltage source is connected to a non-loaded
transformer through long distance underground three-phase cables or overhead
transmission lines. After an instant of switching occurred on phase a, phase b and phase
c’s core inductors are charged through their cables. At that moment, these neutral
capacitors become a short circuit, and the current goes through the transformer’s winding
between phase a-b and phase a-c. Because the transformer has a saturable iron core, the
nonlinear inductor could become saturated when the voltage increases. The saturation can
cause considerable current propagation through the transformer, and then the series
resonance circuit forms. Then the voltage decreases, and the inductors become
unsaturated. During the periods that follow, the transformer windings become saturated
and unsaturated again [27][54].
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This process can be understood easily by assuming the transformer is a fluxcontrolled switch [55]. When the flux is below the saturation point, the switch is open. So
the AC source and capacitance are connected by a high loss resistance. Then the flux
increases linearly before the core is saturated. At that instant, the flux-controlled switch
will be closed, the capacitance discharges to the AC source via the core inductor, and the
L-C resonance circuit structure is formed, which will cause overvoltage and overcurrent.
Repetition of this process will finally cause transformer failures.

Figure 4.2. One circuit structure of ferroresonance.
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4.2.2

Water Tree

Underground cables have lots of advantages compared with the overhead
transmission line. However, cables usually are deeply buried in the soil and are therefore
difficult to monitor and repair. It is necessary to monitor cables for all potential problems
that might happen during their lifetime. WT, a failure that occurs in the insulation layer
of underground cables [24], is one of the severest and most common faults. There are two
kinds of WT: bowtie and vented WT. This section focuses only on the first type of WT
since it is the most dangerous one [30]. WT forms in solid dielectric materials such as
cross-link polyethylene (XLPE) [56]. It occurs when the surrounding humidity is higher
than 65 percent [25]. Starting from small voids, it grows slowly by increasing the
surrounding electrical field and producing voltage stress at this point. Then some
fractures occur and are filled with water. The WT keeps growing in a tree shape until it
reaches the conductor. Then high impedance fault happens and eventually causes the
failure of cables.
To simulate a water-tree fault in PSCAD software, a lumped parameter method
was employed. A widely used water-tree model involves a parallel resistor and capacitor
[30] [31][32][33]. The values of equivalent resistance and capacitance are calculated by
simulating the water-tree cable in COMSOL software, which is a powerful multi-physics
field modeling software that was used in Section I, Chapter 2.
In this section, shield cables with parameters of 37 strands, 750 kcmil were
selected for the simulation. They were assumed to be buried at a depth of 36 inches, and
the distance between each was set at 7.5 inches. This type of cable includes an aluminum
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conductor, XLPE insulation, and a copper-shield layer. The parameters of such cables are
referenced on the website of the Okonite company [43].
In order to model the WT cables in PSCAD, the equivalent resistance and
capacitance should be determined. They are decided by the relative permittivity and
electrical conductivity of WT. Based on past studies [24][31][57], the maximum
electrical conductivity of WT is

times the conductivity of XLPE, and the largest

relative permittivity of WT is 3 times the permittivity of XLPE. The peak value occurs at
the beginning point and decreases linearly to the edge of the water-tree area. These
features can be simulated in COMSOL as shown in Fig. 4.3.
After building the physical model with its material characteristics, the equivalent
capacitance and resistance of WT can be calculated in COMSOL. The cable conductor is
connected to a 15 kV voltage source, and the shield layer is grounded. The water-tree
region is assumed to be 1mm. It is noted that the capacitance of WT increases and the
resistance of WT decreases linearly when the region is increased. The capacitance of the
WT can be calculated by the relative permittivity, and the resistance can be determined
by conductivity.
The capacitance and conductance are solved by these equations [24]:
(4-1)
(4-2)
where

is the radius of the cable conductor,

is the cross-section area of the cable conductor,
permittivity,

is the permittivity of vacuum, and

43

is the radius of the insulation, A

is the conductivity,

is the relative

is the length of the cable conductor.

Fig. 4.4 demonstrates that the resistance decreases and the capacitance increases
when the WT length is developing from 50 percent to 100 percent in the insulation layer.
It shows that the resistance remains around

and decreases significantly when it

touches the conductor. Moreover, the capacitance hardly changes. It increases from
to

. During the simulation of WT in PSCAD,

are used as the equivalent resistance and capacitance.

Figure 4.3. Relative permittivity and electrical conductivity of WT.
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and

Figure 4.4. Equivalent resistance and capacitance during 1mm WT development.
4.3

Simulation Procedure

Ferroresonance is a highly nonlinear process because of the nonlinear
characteristics of the saturable iron core. It includes a large number of nonlinear features
such as steady-state responses existing for the same given parameters;, different
frequency of voltage and current waveforms, and jump resonance [58].
Thus, linear analytical methods are not suitable to analyze ferroresonance for its
abnormal responses. A more fitting method for analyzing this process is the use of
simulation software. Fortunately, a simulation tool can provide accurate response and the
capability of studying ferroresonance behavior.
PSCAD software is used to simulate ferroresonance influenced by water tree in
this chapter. This chapter employed a similar circuit, which is introduced above in
Section 2.1. But in order to investigate the influence on the process of other factors, like
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faults, a water-tree cable is built in this system. It is known that low impedance faults can
cause blown fuses, which are easy to detect and repair. A more dangerous and
unpredictable type of fault is a high impedance fault like WT. It can be present in power
systems for a long time without causing failure [59]. However, the existence of water tree
can have a significant influence on the ferroresonance response, because WT is
composed of a parallel capacitance and resistance and thus it can influence the value of
resonance circuit and then influence the ferroresonance response. Moreover, different
WT conditions form different resonance situations and cause different results.
This situation is simulated in PSCAD platform. The equivalent source system is
connected to a light load saturable transformer by a 5 km distance underground threephase cables. The configuration of the ferroresonance circuit is shown in Fig. 4.5.

Figure 4.5. Ferroresonance circuit including lumped parameter water tree model.

46

4.4

Results

The response of ferroresonance depends on many factors and conditions, which
are thoroughly discussed in previous papers, such as voltage magnitude, voltage
frequency and capacitance of the system. However, different conditions of water tree also
influence the response. For example:
1) Water tree position. The water tree can take shape anywhere from the
beginning to the end of a cable. Different positions cause different ferroresonance waveforms.
2) Water tree phase. The single-pole switch happens on one phase, but the water
tree can generate on all three phases. The water tree and single-pole switch occur on the
same phase, or different phases cause different results.
In this dissertation, a ferroresonance circuit, including an equivalent source
system, 5 km length three-phase cables, 1 mm water tree, a saturable nonlinear
transformer and a light load, is simulated in PSCAD, which is shown in Fig. 4.5. The
single-pole switch happens at 0.3 seconds on phase B, and the water tree can take place at
any position of the cables and any phase.
Fig. 4.6 shows the ferroresonance results of this cable distribution system when
WT is located at different positions of phase a cable, from the beginning point of the
cable to the ending point. The cable is divided into seven same length parts, and each
time the WT locates at different points, and all other conditions remain unchanged. It is
noticed each time the same length is moved (about 0.7 km). When the water tree is
located at either end of a cable, as long as the WT location is different, the ferroresonance
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overvoltage profile changes markedly. The overvoltage happens at 1.3 seconds when WT
is located at 0.7 km from the starting end in Fig. 4.6a. But the overvoltage occurs at 0.55
seconds if the WT is 1.4 km from the beginning point as shown in Fig. 4.6b. Similar
results are found in Fig. 4.6e and Fig. 4.6f. When the WT is located 1.4 km from the
ending point, the ferroresonance takes place at 0.8 seconds; but it occurs at 1.05 seconds
if WT is located at 0.7 km from the end of the cable. When the WT lies in the middle of a
cable and moves the same length, the ferroresonance response is almost the same. From
Fig. 4.6c and Fig. 4.6d, it is noticed that even when the WT is located at different
positions, the voltage profiles are almost exactly the same. Similar results have been
proved in other lengths of cables (from 1km to 8km).
Fig. 4.7 indicates the different outcomes when WT and ferroresonance occur on
the same cable or different cables. All other conditions are the same. These figures
demonstrate that if these two phenomena occur in the same cable, more overvoltage is
generated compared with on different cables. In Fig.4.6f and Fig.4.7b, two phenomena
occur on different cables, the overvoltage takes place around 1 second. But if they happen
on the same cable, the overvoltage occurs at 0.5 seconds, and more overvoltage is
included, as shown in Fig. 4.7a. Similar results are observed in other lengths of cables.
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(a)

(b)
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(c)

(d)
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(e)

(f)
Figure 4.6. Ferroresonance responses when WT is located at different positions of phase
a cable. (a) WT locates at 1/7 position;(b) WT locates at 2/7 position;(c) WT locates at
3/7 position;(d) WT locates at 4/7 position;(e) WT locates at 5/7 position;(f) WT locates
at 6/7 position.
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(a)

(b)
Figure 4.7. WT and single-pole switching occur on the same or different cables. (a) WT
locates at 6/7 position of phase b cable;(b) WT locates at 6/7 position of phase c cable.
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CHAPTER FIVE

CONFIGURATION OPTIMIZATION OF CABLES IN DUCTBANK
5.1

Introduction

Underground cables have more advantages than overhead lines since cables offer
better protection and are not as unsightly in appearance in urban areas. In practice, cables
are generally installed in some compact ductbanks in order to provide more accessible
installation of multiple cables in a concrete space [22], as shown in Fig. 5.1. However,
installation and maintenance of underground cables are a lot more expensive than
overhead lines [60]. Thus it is extremely critical to use the full potential of the ductbank.
However, such use is limited by the overheating of cables. Overheating is the most
significant factor in decreasing cable service life [15]. Since cables are surrounded by soil
instead of air, the speed of temperature diffusion is much slower than air [15]. The high
current carried by cable conductors is usually the cause of high temperatures.
Overheating generally results by overloading them [23]. Each cable has a current
limitation, called ampacity [15], that allows the cable to operate without problems. When
the carrying current exceeds its ampacity, cable damage results, followed by failure that
may be difficult to fix. Ampacity depends on the strength of the heat source, the material
of cables, and the surrounding environment, including the ductbank and soil [23]. When
the thermal resistance of cable layers and soil is low, the heat can spread faster, and the
ampacity of the cable is higher. Conversely, higher thermal resistance can mean lower
ampacity value.
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However, a cable’s ampacity value is decided not only by its own characteristics
but also by neighboring cables. The heat generated by one cable can influence the
maximum value of the current of one nearby. This influence is called the mutual heating
effect [22]. In a ductbank, there are lots of available ducts that can be selected. So various
cable configurations are possible. Different configurations cause different total ampacity
value. The distance between two cables significantly influences ampacity value due to the
mutual heating effect. So proper design of cable layout, i.e., using the entire space of a
ductbank, can lead to maximum total current carrying capacity. Similarly, one cable
configuration can offer only minimum total ampacity. This worst-case scenario is useful
when a power system is being analyzed without knowing the exact layout of cables.
Thus, the configuration optimization of cables in a ductbank is hugely crucial.

Figure 5.1. Cables in a ductbank for installation [61].
Although some researchers have studied cable configuration optimization
[22][23][62][63][64], they covered only one type of cable and only in a three-phase
balanced condition. However, most distribution systems are dealing with unbalanced
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loading, and the selection of cables must consider various types and designs. The
objective of this chapter is to determine the best configuration for delivering more
current, if needed, in one ductbank and avoiding overheating of the cables under both
balanced and unbalanced conditions based on the types of cables[65].

Figure 5.2. Cable ductbank for installation.
5.2

Methods of Analysis

5.2.1

Ampacity Calculation

It is known that a cable’s ampacity is based on the highest allowable temperature
that cable can hold without overheating, and it is influenced by the mutual heating effect
of nearby cables. To properly design a cable system and optimize cable configuration,
calculating the ampacity value of various cables with different cross-sections and sizes is
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extremely important. Typically, an underground cable consists of five layers, including a
conductor layer, insulation layer, shield layer, and jacket layer [11]. This chapter used
COMSOL [35], which is a powerful multi-physics simulation software, to model a
shielded cable.
Several publications proposed different methods to calculate cables’ parameters
and their ampacities for both single and multiple cable configurations [16][17][18][19].
Among these publications, two of them are widely used: the Neher and McGrath method
[20] and IEC Standards 287-3-2 [21]. These two methods are similar. They summarize all
existing principles and equations to calculate cable ampacity in different conditions,
including single cable, multiple cables without ductbank, and multiple cables with
ductbank. These two methods are then classified and summarized by Dr. George J.
Anders [15], as shown below.
In order to calculate the ampacity of cable i, a thermal circuit includes heating
sources, and the thermal resistance of different layers is built based on the highest
allowable cable temperature.
(5-1)
(5-2)
(5-3)
(5-4)
(5-5)
(5-6)
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where

is the ampacity of cable i,

AC resistance of cable j,

is cable j’s shield loss factor,

is the number of conductors in a cable,
daily load,

is the carrying current of cable j,

is the

is cable jacket loss factors, n

is a loss factor determined by the factor of

is the dielectric loss of cable j,

,

different layers including ductbank and soil,
the cable to operate without problems,

,

are the thermal resistance of

is the highest temperature that allows
is the ambient temperature, and

is the

reduction factor of conductor temperature. All these parameters depend only on the
material and design of the cable and of the surrounding soil [66]. The influence of mutual
heating from nearby cables is corrected by
5.2.2

.

Optimization Procedure

From the equations (5-1)- (5-6) of Section 2.1, it can be noticed that in order to
find the ampacity of cable i, currents of all other cables should be pre-known, given the
mutual heating effect. So if these equations are applied to all cables, a set of mutually
interconnected equations is obtained. A set of interrelated equations is challenging to
solve, and frequently, the iteration method can be used. But it is a time-consuming job,
and it is not convergent in some conditions. So a more efficient method is solving it by
optimization method, which is recommended by Dr. Moutassem [23]. Finding the
ampacity value of each cable for a specific configuration could be described as an
optimization problem. The objective function is the sum of all carrying currents. The
constraints are that the temperatures of all cables are smaller than the highest allowable
temperatures. In this chapter, the same equations are used to find the best configuration
for cables in a ductbank. The transformation steps are summarized in Appendix D.
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The optimization problem for multiple cables installed in a ductbank for a specific
configuration can be summarized as below.
The objective function is
(5-7)
The constraint for cable 1 is:
1

(5-8)

Similarly, the constraints for the other cables are:
1 (5-9)
Using MATLAB, the constraints can be acquired in a matrix form.
(5-10)
where all elements in matrices c and d are calculated based on equations (5-13)(5-14) in Appendix B and matrix c has one on its diagonal terms.
The procedure to find the total ampacity value for a specific configuration of
cables in a ductbank is completed. The next step is to find the configuration that leads to
the maximum total ampacity value and minimum total ampacity value. The method
applied in this chapter includes three steps. Firstly, assume all ducts have their own
cables with some initial guess as to current values. Secondly, randomly choose some of
these cables to have current equal to zero, which means these ducts don’t have cables
installed in them. Thirdly, find the best or worst configuration that produces the
maximum total ampacity value and minimum total ampacity value. But in this program,
the types of cables should be selected automatically. So one more step that introduces
additional ducts for different cable types selection is added. The steps of configuration
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optimization of cables in a ductbank are shown in Fig. 5.3.

Figure 5.3. Procedure for configuration optimization of cables in a ductbank.
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Figure 5.4. The configuration of ductbank simulated in CYMCAP.
In this chapter, a three-row, five-column ductbank is selected. It is buried at a
depth of one meter below the earth’s surface. The distance between two ducts in the same
row is 0.3 meter, and the distance between each row is 0.5 meter, which is shown in Fig.
5.4. Both balanced and unbalanced conditions are considered. In a balanced scenario, all
cables are equally loaded. For an unbalanced scenario, a particular example:
and

is studied in detail. Then the general patterns for unbalanced conditions are

also obtained. In this chapter, all cables have two available types that can be selected. The
detailed data of these two types of cables are listed in Appendix E.

60

5.3

Results of Optimization

5.3.1 Configuration Optimization for a Balanced Condition

(a)

(b)
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(c)
Figure 5.5. The optimization result compared with common sense for two balanced
cables per phase. (a) Best configuration by optimization; (b) Worst configuration by
optimization; (c) Common sense without optimization.
For two cables per phase, the second type of cable is selected, and the maximum
ampacity of each cable is 655 A, which is shown in Fig. 5.5(a). The minimum ampacity
of each cable is 559 A, which is shown in Fig. 5.5(b). This configuration makes sense
since all cables are located near each other. So the total distances are the smallest , and
the total ampacity is the smallest as well. The difference between these two values proves
that configuration optimization for cables in a ductbank is critical. If following the
common sense without optimization, usually configuration in Fig. 5.5(c) is applied. We
can compare the resulting ampacity value. For the configuration in Fig. 5.5(c), the
ampacity of each cable is 634 A, which is smaller than the optimization result. This can be
easily explained by the distances of cables. At first glance, the distances between different
cables in Fig. 5.5(c) seems more significant than the distances in Fig. 5.5(a). But if the
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configurations are analyzed carefully, an opposite conclusion can be drawn. For example,
the distance between two phase a cable in Fig. 5.5(a) is longer than the distance between
two phase a cable in Fig. 5.5(c). More similar conclusions can also be found in these two
figures. Thus, in fact, the total distances between different cables in Fig. 5.5(a) are longer
than the total distances in Fig. 5.5(c), which leads to Fig. 5.5(a)’s producing a more
significant total ampacity value. The detailed results for maximum ampacity value are
shown in Table 5.1.
Table 5.1. Detailed results for two balanced cables per phase.
Cable #
1a
2a
1b
2b
1c
2c

Temperature,
86.4
89.8
89.8
86.4
84.9
84.9

The temperature limitation of type two cable is 90

and the resulting temperatures

of all cables are below 90 . Moreover, the temperatures of cables are symmetric in Table
5.1 since the arrangement of cables is symmetric in the ductbank, and they are under
balanced condition.
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(a)

(b)
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(c)
Figure 5.6. The optimization result compared with common sense for three balanced
cables per phase. (a) Best configuration; (b) Worst configuration; (c) Common sense.
For three cables per phase, the second type of cable is selected, and the maximum
ampacity of every cable is 566 A, which is shown in Fig. 5.6(a). The minimum ampacity
of each cable is 495 A, which is shown in Fig. 5.6(b). Similar to Fig. 5.5(b), a
configuration that all cables arranged together leads to the smallest total ampacity value.
According to conventional sense without optimization, usually configuration in Fig. 5.6(c)
is applied. For the configuration in Fig. 5.6(c), the ampacity value of each cable is 541 A,
which is smaller than the optimization result. The detailed results for maximum ampacity
value are shown in Table 5.2.
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Table 5.2. Detailed results for three balanced cables per phase.
Cable #
1a
2a
3a
1b
2b
3b
1c
2c
3c

Temperature,
81.1
87.4
89.9
89.4
84.5
89.7
83.6
89.8
87.1

5.3.2 Configuration Optimization for a Special Unbalanced Example
For unbalanced condition, a particular example:

and

is

studied in this section.

Figure 5.7. The best configuration for two unbalanced cables per phase of a particular
example.
For two unbalanced cables per phase, the best configuration is shown in Fig. 5.7
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when phase c is the highest loaded phase, and phase b is the medium loaded phase. The
second type of cable is selected, and detailed results are shown in Table 5.3.
Table 5.3. Detailed results for two unbalanced cables per phase.
Cable #
1b
1a
2a
1c
2b
2c

Temperature,

Ampacity, A
651
620
620
682
651
682

86.9
89.4
88.7
87.9
87.2
86.7

Figure 5.8. The best configuration for three unbalanced cables per phase of a particular
example.
For three unbalanced cables per phase, where c is the highest loaded phase, the
best configuration based on ampacity is shown in Fig. 5.8, and the detailed results are
shown in Table 5.4.
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Table 5.4. Detailed results for three unbalanced cables per phase.
Cable #

Ampacity, A

1c
2c
1a
3c
1b
2a
2b
3a
3b

594
594
540
594
567
540
567
540
567

Temperature,
82.8
89.7
86.6
86.1
88.3
87.7
86.9
89.3
87.4

5.3.3 Configuration Optimization for General Unbalanced Condition
If the highest loaded phase is changed from phase c to phase b and then to phase c,
a general pattern for the unbalanced condition is observed.

Figure 5.9. The best configuration for general two unbalanced cables per phase.
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Figure 5.10. The best configuration for general three unbalanced cables per phase.
where H means highest loaded phase; L means lowest loaded phase; M means medium
loaded phase. The best configurations for balanced condition and unbalanced condition
based on ampacity are different according to Fig. 5(a), Fig. 6(a), Fig. 9 and Fig. 10. The
worst configuration is arranging all cables near each other.
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CHAPTER SIX
IMPACTS OF SLGF ON CONFIGURATION OPTIMIZATION
6.1

Introduction

In Chapter 5, the best configuration for cables in a ductbank under both balanced and
unbalanced conditions was proposed using the optimization method in normal condition.
This sixth chapter discusses the impacts of optimization during abnormal condition. The
objective of this chapter is to determine the best configuration to reduce overheating when
fault occurs in the underground cable system.
Since the single line-to-ground fault (SLGF) is the most common type of fault
(more than 85 percent of faults in power system are SLGF), this study is limited to this
type of fault. The study includes different loading conditions and faulted phases. Based on
the results, the configuration that causes less overheating of cables is proposed.
6.2

Method of Simulation

A test system is simulated to analyze the impacts of SLGF on configuration
optimization results. In this chapter, the same system stated in Chapter 3 is used. The test
system is modified and simulated in POWERWORLD software, which is shown in Fig.
6.1. This system is simulated in PSCAD software as well. The single-line-to-ground fault
occurs on Bus 3, and the cable from Bus 2 to Bus 3 is monitored. The length of this cable
is 1.9 km. The detailed data of this cable is shown in Appendix E Table 6. The current
data of all phases of this cable is collected using the fault analysis toolbox in
POWERWORLD and Fault Element module in PSCAD. The output data is used to
analyze the overheating conditions of cables in a ductbank. Since the best configuration
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based on ampacity for both balanced and unbalanced conditions is proposed in Chapter 5,
the overheating results of the best configuration during SLGF are compared with the
overheating effects of the common sense configuration during SLFG to decide if the
optimization configuration causes less overheating under abnormal condition.

Figure 6.1. SLGF analysis of one cable in POWERWORLD.
6.3
6.3.1

Results of Simulation
Balanced System

For a balanced scenario, different loading conditions are considered, including 50
percent load, 80 percent load and 100 percent load. The temperature results of
optimization configuration and common sense configuration are summarized and
compared in Table. 6.1 through Table 6.7.
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Table 6.1. Impacts of SLGF with zero fault impedance (One cable per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

a
b
c
a
b
c
a
b
c

352.6
69.98
67.5
369.5
94.9
90
382.4
114.7
84.7

353
69.7
77.7
370.5
94.35
100.28
383.9
113.9
118.9

Table 6.2. Impacts of SLGF with low fault impedance (One cable per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

a
b
c
a
b
c
a
b
c

340.27
68.65
66.3
354.2
93.2
88.8
365.1
112.7
107.25

340.67
68.4
76.1
355.2
92.7
98.6
366.6
111.8
116.9

Table 6.3. Impacts of SLGF with high fault impedance (One cable per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

a
b
c
a
b
c
a
b
c

40.3
41.2
41.3
65.7
67.6
67.9
86.2
89
89.47
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40.88
40.88
41.57
66.9
66.9
68.5
88
88
90.24

Table 6.4. Impacts of SLGF with zero fault impedance (Two cables per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

1a
1b
1c
2a
2b
2c
1a
1b
1c
2a
2b
2c
1a
1b
1c
2a
2b
2c

161.4
78
66
62
70.6
160.995
180.6
101.9
89.95
84.66
92.36
179.59
197
122.83
111.3
104.9
111.73
195.5

160.68
69.5
61.59
71.655
80.86
162.1
178.765
92.555
83.4
95.23
105.8
182.5
194
113
102.8
116.2
128
200

Table 6.5. Impacts of SLGF with low fault impedance (Two cables per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

1a
1b
1c
2a
2b
2c
1a
1b
1c
2a
2b
2c
1a
1b

155.9
76.45
64.58
60.86
69
155.49
172.9
99.1
87.88
83.1
90.3
171.95
188
119.55

73

155.2
67.9
60.36
70
79
156.6
171.12
90.2
81.49
93.2
103.3
174.87
185.4
110.37

1c
2a
2b
2c

108.94
103.25
109.49
186.73

100.58
114
125.2
191.276

Table 6.6. Impacts of SLGF with zero fault impedance (Three cables per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

1a
1b
1c
2a
2b
2c
3a
3b
3c
1a
1b
1c
2a
2b
2c
3a
3b
3c
1a
1b
1c
2a
2b
2c
3a
3b
3c

102.361
61.84
60.84
63.95
105.97
67.9
56.87
64.16
107
104.86
64.785
63.9
66.98
108.615
70.99
50.696
67.24
109.8
136.95
105.3
106.25
108.6
142.54
112.6
98.39
109.28
145.44
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102.363
60.1
105.36
60.64
65.66
68
58
65.1
107.52
104.86
62.996
107.85
63.74
69
71.18
61
68.45
110.4
136.96
102.8
139.64
106.5
115.3
113.3
103.7
113.8
147.68

Table 6.7. Impacts of SLGF with low fault impedance (Three cables per phase).
Condition

Cable #

Temperature of optimization configuration,

Temperature of common
sense configuration,

50% Load

80% Load

100% Load

1a
1b
1c
2a
2b
2c
3a
3b
3c
1a
1b
1c
2a
2b
2c
3a
3b
3c
1a
1b
1c
2a
2b
2c
3a
3b
3c

98.948
60.4
59.48
62.44
102.424
66.364
55.8
62.79
103.5
101.2
63.2
62.385
65.3
104.8
69.3
58.54
65.77
106
131.4
102.88
103.9
106
136.8
110.2
96.8
107.2
139.77

98.949
58.75
101.8
59.3
64.15
66.5
56.9
63.75
103.97
101.2
61.5
104.07
62.3
67.35
69.5
59.9
66.96
106.6
131.44
100.49
133.93
104.3
112.78
110.9
102
111.76
141.99

For balanced condition, SLGF fault occurs on phase a cable, and the temperature
of each cable in the ductbank is calculated.
Table 6.1 shows that, after using the optimization configuration proposed in
Chapter 5 instead of common sense configuration, the temperatures of phase a and phase b
cables remain almost the same temperature, but the heat of phase c drops considerably
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under all loading conditions. The same pattern is observed in Table 6.2 as well. The low
fault impedance decreases the increasing temperature but doesn’t produce a significant
difference.
As shown in Table 6.3, the temperature of each cable remains the same after using
optimization configuration if high impedance fault exists. This outcome is reasonable
since the high impedance fault doesn’t lead to significant voltage and current change. So
the high impedance fault is not considered in two cables per phase condition and three
cables per phase condition.
The temperature results of different loading conditions under balanced condition
are shown in the figures below. In these figures, zero impedance single-line-to-ground
fault (SLGF), low impedance SLGF and high impedance fault are considered for one
cable per phase, two cables per phase and three cables per phase.
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(a)

(b)
Figure 6.2. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 50 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.3. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 50 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.4. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 50 percent loading condition, high impedance fault.
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(a)

(b)
Figure 6.5. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 80 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.6. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 80 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.7. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 80 percent loading condition, high impedance fault.
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(a)

(b)
Figure 6.8. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 100 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.9. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 100 percent loading condition, low impedance SLGF.

84

(a)

(b)
Figure 6.10. The temperature of optimization (a) and common sense (b) configuration of
one cable per phase under 100 percent loading condition, high impedance SLGF.
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(a)

(b)
Figure 6.11. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 50 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.12. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 50 percent loading condition, low impedance SLGF.

87

(a)

(b)
Figure 6.13. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 80 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.14. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 80 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.15. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 100 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.16. The temperature of optimization (a) and common sense (b) configuration of
two cables per phase under 100 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.17. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 50 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.18. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 50 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.19. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 80 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.20. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 80 percent loading condition, low impedance SLGF.
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(a)

(b)
Figure 6.21. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 100 percent loading condition, zero impedance SLGF.
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(a)

(b)
Figure 6.22. The temperature of optimization (a) and common sense (b) configuration of
three cables per phase under 100 percent loading condition, low impedance SLGF.
In these figures, SLGF occurs on phase a cable. Fig. 6.2 through Fig. 6.10 show
that using optimization configuration causes the temperature of phase a cable to drop a
little, the temperature of phase b cable to increase slightly, and the temperature of phase c
cable to drop a lot compared with using common-sense configuration if each phase
includes one cable. These results prove that the optimization configuration is better than
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the common-sense configuration under faulted condition since the optimization
configuration causes less overheating.
For example, Fig. 6.6 shows that when using the optimization configuration in one
cable per phase case, only two cables are overheated. But using the common sense
configuration, three cables are all overheated. Similar results are found in different loading
and fault conditions.
Fig. 6.4, Fig. 6.7 and Fig 6.10 show the impact of high impedance fault such as
water tree. It is widely known that the high impedance fault doesn’t lead to significant
current or voltage change. So it is reasonable that the temperatures of cables under high
impedance fault stay constant as the normal condition. Therefore in cases of two cables
per phase and three cables per phase, the high impedance fault is not considered.
For two cables per phase condition, the results are shown in Table 6.4 and Table
6.5. A similar pattern is found in these two tables as well. Using the optimization
configuration proposed in Chapter 5 causes fewer rising temperatures compared with
using common sense configuration.
The difference can be observed clearly in Fig. 6.13 when 80 percent loading
condition is applied before SLGF occurs. The temperature limitation of this type of cable
is 90 . Temperatures above that are considered overheating. Fig. 6.13 shows that four
cables are overheated if the optimization configuration is applied. But using the common
sense configuration, five cables are overheated.
For three cables per phase, the temperature results are shown in Table 6.6 and
Table 6.7. The rising temperatures of optimization configuration and common sense are
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almost the same. Since each phase includes three phases, the total number of cables in the
ductbank is 9, and this ductbank has only 15 available ducts. So almost all ducts are
occupied, and optimization doesn’t have significant improvement. The results are shown
in Fig. 6.17- Fig. 6.22. No significant difference between optimization configuration and
common sense configuration is observed since almost all ducts are occupied.
6.3.2

Unbalanced System

For an unbalanced scenario, the best configuration in general for one unbalanced
cable per phase is studied and compared with the conventional, or common sense,
configuration. The fault phase changes from lowest loaded phase to highest loaded phase.
The results are summarized in Table 6.8. In this table, L means the lowest loaded phase,
M means the medium loaded phase, H means the highest loaded phase.
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Table 6.8. Impacts of SLGF with low fault impedance in an unbalanced system.
Condition

Cable
#

50% Load
Fault on lowest loaded phase
80% Load
Fault on lowest loaded phase
100% Load
Fault on lowest loaded phase
50% Load
Fault on highest loaded phase
80% Load
Fault on highest loaded phase
100% Load
Fault on highest loaded phase

Temperature of optimization

Temperature of common sense

configuration,

configuration,

L
M
H
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H

340.2
67.57
67.89
354.57
92.9
93.56
366
112
113.6
68.96
82.3
338.4
89.96
102.1
353
107.3
119.8
364.96

340.7
67.3
77.7
355.7
92.27
103.3
368
111
123.35
78.7
74
338.3
100.3
96.3
353.5
117.9
113.85
365.75

Table 6.8 shows that SLFG fault occurs on the lowest loading phase, and leads to
less overheating compared with faults occurring on the highest loading phase. Besides, the
balanced and unbalanced systems lead to similar overheating when SLGF fault occurs.
Different loading and phase conditions are considered as well. But as long as the
arrangement of cable positions is changed, the temperature results are different. So there is
no general pattern for all unbalanced cases, and only one particular case is shown in this
chapter as an example of an unbalanced system.
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(a)

(b)
Figure 6.23. The temperature of optimization (a) and common sense (b) configuration
under 50 percent loading condition, unbalanced condition, fault at lowest phase.
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(a)

(b)
Figure 6.24. The temperature of optimization (a) and common sense (b) configuration
under 80 percent loading condition, unbalanced condition, fault at lowest phase.
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(a)

(b)
Figure 6.25. The temperature of optimization (a) and common sense (b) configuration
under 100 percent loading condition, unbalanced condition, fault at lowest phase.
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(a)

(b)
Figure 6.26. The temperature of optimization (a) and common sense (b) configuration
under 50 percent loading condition, unbalanced condition, fault at highest phase.
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(a)

(b)
Figure 6.27. The temperature of optimization (a) and common sense (b) configuration
under 80 percent loading condition, unbalanced condition, fault at highest phase.
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(a)

(b)
Figure 6.28. The temperature of optimization (a) and common sense (b) configuration
under 100 percent loading condition, unbalanced condition, fault at highest phase.
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CHAPTER SEVEN
CONCLUSIONS
To design and operate the distribution system with underground cables properly,
analyzing the underground cables is extremely important. This dissertation discusses five
relevant topics, including both normal operating condition and faulted condition, to help
power utilities design and select suitable cables, taking into account both economic and
ecological conditions.
Firstly, a MATLAB based program is built to calculate parameters of different
types of cables including impedance matrix, power losses, and voltage drop. Users can
input and select some initial values and easily calculate the parameters they need using
the developed user-friendly software. With these parameters, power utilities can realize
the conditions of cables and predict their voltage drop and power losses, and select the
best type of cables they need.
Secondly, the magnetic force waveforms of cables under different types of faults
are plotted using PSCAD and COMSOL. The magnitudes of magnetic forces are
investigated and compared under different types of faults. The results show that threephase fault leads to the largest magnetic forces and the maximum magnitude of the forces
in the x-direction is about 2.5 N. Even though the magnitude is small, considering the
long distance and long operating time of underground cables, the forces can cause failure
of cables under some conditions. So the utilities need to design proper holders and
ductbanks based on the length of cables to fix the cables even under the worst condition.
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Thirdly, the impact of high impedance fault on ferroresonance is analyzed. Water
tree (WT) is selected as the example of high impedance fault since this phenomenon
always occurs in underground cables and is difficult to detect and . Ferroresonance is a
nonlinear resonance phenomenon caused by single-pole switching in a low-loaded power
system. It is more likely to occur in underground cable systems compared with overhead
transmission lines systems since cables have larger capacitance per unit. The
ferroresonance is studied under both faults and single-pole switch conditions and the
relationship between these two phenomena is investigated. Two general patterns are
observed from the results. Firstly, the location of water tree in a cable has a significant
influence on the ferroresonance response. If WT occurs at each end of a cable, the
ferroresonance response changes a lot as long as the WT occurs at different positions. But
if the WT occurs in the middle of a cable, even at different locations, the ferroresonance
response is similar. Secondly, these two phenomena, occurring on the same cable or
different cables, also have a significant effect on the results. If they take place on the
same cable, more overvoltage occurs compared with that on different cables.
Thirdly, the configuration optimization of cables in a ductbank based on the total
ampacity value is completed. The best and worst configurations are proposed using the
optimization method. Even though many publications discuss cable configuration
optimization, they are focused only on balanced condition, and one type of cable. In this
dissertation, a three-row, five-column ductbank is buried at a depth of one meter below
the earth’s surface. The best and worst configurations based on ampacity are proposed
under both balanced and unbalanced conditions, and the best type of cables is selected as
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well. For the unbalanced condition, a particular example is studied at first and then
extended to a general pattern for unbalanced cables in a ductbank. Based on these results,
the power utilities can select the best configuration to deliver more currents using the
same amount of cables based on the conditions of the power system.
Finally, the impacts of SLGF on the optimization results are analyzed to
determine if the proposed best configuration causes less overheating under faulted
conditions. According to the results, the optimization configuration leads to less
overheating compared with common sense configuration even under faulted conditions,
which means that utilities should use the proposed configuration to arrange cables under
normal or faulted condition regardless of the system. Different loading conditions are
also studied, and the same conclusion is observed.
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Appendix A
MATLAB Programming Steps
In this program, there are 26 preloaded cross-sections that are ready to be used. If
they are not enough, this software allows the user to specify the locations of all individual
cables.
In order to calculate the impedance matrix, the main process of the MATLAB
code is as follows:
Input the line to line voltage, current, power factor of the load, ambient
temperature, conductor type, cable bus length, cable’s outer diameter, conductor size,
diameter of ground, size of ground and specified cross-section.
Look up standard tables of different cables and obtain related parameters, such as
conductor resistance and its diameter.
Use Carson line method and cable equations in Chapter 2 to calculate the final
impedance matrix to be used for power losses and voltage drop calculations.
All 26 cross-sections can be divided into 4 categories: 3 phase 3 wire no neutral
no ground; 3 phase 3 wire no neutral with the ground; 3 phase 4 wire with neutral no
ground and 3 phase 4 wire with neutral and ground.
For the first two, the impedance matrix can be calculated easily following
equations in Chapter 2. But when the cable bus with multiple neutrals is considered, the
calculation method for bundled conductors should be used.
If there are multiple neutral lines, the conventional method is to reduce them into
one equivalent neutral line, which follows equation A-1.
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2

Ds = n (Daa Dab
Where

Dan )(Dba Dbb

Dbn )

(Dna Dnb

is the distance between neutral i and neutral j. If i = j,

Dnn )

means GMR; n

means n- strand bundle neutral.
Step three of this MATLAB program can be easily understood below.

Figure A-1: Steps of MATLAB code.
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(A-1)

Firstly, calculate a

impedance matrix, based on N neutral

conductors and M ground conductors on the cable bus. For example, there are 4
conductors per phase, no neutral, and one ground conductor will yield a
matrix.
Secondly, using this

matrix, reduce the matrix to

by

eliminating the ground conductor with Kron Reduction Equation. The resulting matrix
will be called Zabcn matrix.
Thirdly, use the resulting

matrix to find the

matrix by reducing the

neutral conductors.
Fourthly, generate a per-phase load impedance value based on the input rated
voltage, rated current, and rated power factor, all given by the user. From the per-phase
impedance, per-conductor impedance is calculated by dividing the load equally among
the cable bus conductors.
Fifthly, the per-conductor load impedance is added to the

matrix, yielding a

total impedance matrix from the power source to the simulated rated load. The load is
assumed to be a Y-connected load, and the voltage from the source is also Y-connected.
This step results in the overall load-plus-cable-bus circuit being connected from a
constant rated-voltage source to ground. The rated voltage at the source is a per-phase
voltage equal to the rated voltage (assumed line-to-line) divided by
Sixthly, the current vector can be calculated using the equation

.
, where

V and I are vectors and Z is the total impedance matrix. The V voltage vector will contain
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the arrangement of the phase conductors. The current vector will then be determined by
the equation

.

Finally, the voltage drop and power losses can be calculated by the current and
the line impedance matrix calculated in step three and step six.
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Appendix B
Sample Code of Parameters Calculation
Attached is the underlying code of the “Calculate” button:
% --- Executes on button press in pushbutton1.
function pushbutton1_Callback(hObject, eventdata, handles)
% hObject

handle to pushbutton1 (see GCBO)

% eventdata

reserved - to be defined in a future version

of MATLAB
% handles

structure with handles and user data (see

GUIDATA)
% delete old results
delete('VD.xlsx', 'Loss.xlsx','R.xlsx','X.xlsx');
%--- Prepare datalist
handles.Resistance=[0.0180,0.1650;0.0796,0.1311;0.0631,0.10
31;0.0502,0.0822;0.0425,0.0696;0.0305,0.0498;0.0216,0.0350;
0.0146,0.0235;0.0113,0.0179];
handles.CondDi
=[0.8660,0.3800,0.3700,0.3800,0.3900;0.3600,0.4200,0.4100,0
.4200,0.4200;0.4300,0.4700,0.4600,0.4700,0.4600;0.4900,0.52
00,0.5100,0.5200,0.5300;0.5400,0.5700,0.5600,0.5800,0.5600;
0.6400,0.6700,0.6500,0.6700,0.6600;0.7600,0.7800,0.7900,0.7
900,0.7900;0.9800,0.9700,0.9500,0.9600,0.9600;1.1400,1.1200
,1.1000,1.1100,1.1200];
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%--- Build waitBar during calculation
hWaitBar = waitbar(0, 'Please Wait...', 'Name',
'ProgressBar', 'CreateCancelBtn' ,'setappdata(gcbf,
''isCanceled'', true)');
pause(0.7);
hCancelButton = findall(hWaitBar, 'style', 'pushbutton');
set(hCancelButton, 'string', 'Cancel', 'fontsize', 8);
setappdata(hWaitBar, 'isCanceled', false);
for i = 1 : 10
waitbar(i / 10, hWaitBar, ['Finish' num2str(i*10)
'%']);
pause(0.1);
if getappdata(hWaitBar, 'isCanceled')
break;
end
end
if ishandle(hWaitBar)
delete(hWaitBar)
clear hWaitBar
end
% Module 2: Data prep
% Store all varialbes in handles
VOLT = handles.VOLT;
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AMP = handles.AMP;
PF = handles.PF;
TEMP = handles.TEMP;
LENGTH = handles.LENGTH;
OD = handles.OD;
GNDOD = handles.GNDOD;
GNDSIZE = handles.GNDSIZE;
CX = handles.CX;
TYPE = handles.TYPE;
MCM = handles.MCM;
val1= handles.val1;
NNGMR= handles.NNGMR;
NEUSIZE= handles.NEUSIZE;
Resistance = handles.Resistance;
CondDi = handles.CondDi;
% Applying correction factors for ambient temperature and
resistance per
% mile
for count = 1:length(Resistance)
RES(count,1) =
5.28*Resistance(count,1)*((234.5+TEMP)/(254.5));
RES(count,2) =
5.28*Resistance(count,2)*((228.1+TEMP)/(248.1));
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end
% Gets conductor diameter from the "CondDi" table
Dcond

= CondDi(MCM,val1);

Cres

= RES(MCM,TYPE);% column 1 is CU and column 2 is AL

NeuDcond = CondDi(NEUSIZE,val1);
NeuCres = RES(NEUSIZE,TYPE);
% Module 3: calculate the impedance
% Call different functions to get the impedance for
%different cross-%sections, with NxN zbus
if CX == 1
[ZBUS,CURRENT]=CX1(Dcond,OD,Cres,VOLT,AMP,PF,LENGTH,tr1,tr2
,tr3,mr1,mr2,mr3);
elseif CX == 2
GNDCD = CondDi(GNDSIZE,val1);
GRes = RES(GNDSIZE,TYPE);
[ZBUS,CURRENT] =
CX2(Dcond,OD,Cres,GNDCD,GNDOD,GRes,VOLT,AMP,PF,LENGTH,tr1,t
r2,tr3,mr1,mr2,mr3);
elseif CX == 3
[ZBUS,CURRENT] =
CX3(Dcond,OD,Cres,NeuDcond,NeuCres,VOLT,AMP,PF,LENGTH,tr1,t
r2,tr3,tr4,tr5,tr6,tr7,tr8,tr9,mr1,mr2,mr3,mr4,mr5,mr6,mr7,
mr8,mr9);
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elseif CX == 4
GNDCD = CondDi(GNDSIZE,val1);
GRes = RES(GNDSIZE,TYPE);
[ZBUS,CURRENT] =
CX4(Dcond,OD,Cres,NeuDcond,NeuCres,GNDCD,GNDOD,GRes,VOLT,AM
P,PF,LENGTH,tr1,tr2,tr3,tr4,tr5,tr6,tr7,tr8,tr9,mr1,mr2,mr3
,mr4,mr5,mr6,mr7,mr8,mr9);
elseif CX == 5
[ZBUS,CURRENT] =
CX5(Dcond,OD,Cres,VOLT,AMP,PF,LENGTH,tr1,tr2,tr3,tr4,tr5,tr
6,mr1,mr2,mr3);
elseif CX == 6
GNDCD = CondDi(GNDSIZE,val1);
GRes = RES(GNDSIZE,TYPE);
[ZBUS,CURRENT] =
CX6(Dcond,OD,Cres,GNDCD,GNDOD,GRes,VOLT,AMP,PF,LENGTH,tr1,t
r2,tr3,tr4,mr1,mr2,mr3,mr4,mr5);
end
R = real(ZBUS);
X = imag(ZBUS);
I = abs(CURRENT);
P_loss = I.'*R*I;
VD = abs(ZBUS*CURRENT);
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%--- Store results
handles.R= R;
handles.X= X;
handles.VD = VD;
handles.P_loss = P_loss;
guidata(hObject, handles);
%--- Show results in xlsx
filename = 'VD.xlsx';
xlswrite(filename,VD);
filename = 'Loss.xlsx';
xlswrite(filename,P_loss);
filename = 'R.xlsx';
xlswrite(filename,R);
filename = 'X.xlsx';
xlswrite(filename,X);
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Attached is the function CX1:
function [ZBUS,CURRENT] =
CX1(CDiameter,ODiameter,Resistance,VOLT,AMP,PF,LENGTH,tv1,t
v2,tv3,mv1,mv2,mv3)
% CX1: Cross-Section # 1 in the list
% Constants
N = 6; % No. of cables
De = 2790; % Carson's Line GMR
wK = 0.12134; % Inductive Constant
Rd = 0.09528; % Constant earth resistance
% Create distance matrix
% Entering the diagonal terms of the distance matrix (the
Geometric mean
% radius (GMR)
Distance = eye(N);
GMR

=

exp(-.25)*CDiameter;

Distance

=

Distance*GMR;

ZPRE

=

zeros(size(Distance));

% Then we enter the off-diagonal items.
% location vectors:
LocX =
[0,2*ODiameter,4*ODiameter,0,2*ODiameter,4*ODiameter];
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LocY = [0,0,0,2*ODiameter,2*ODiameter,2*ODiameter];
% Distance
for locxi = 1:N
for locyi = 1:N
if locxi == locyi
Distance(locxi,locyi) = Distance(locxi,locyi);
elseif locxi ~= locyi
Distance(locxi,locyi) = sqrt( (LocX(locxi)LocX(locyi)) ^2 + (LocY(locxi)-LocY(locyi))^2 );
end
end
end
% Distance

= Distance/12 % convert distance to feet, for

the log
for colcount = 1:length(ZPRE)
for rowcount = 1:length(ZPRE)
if rowcount == colcount
ZPRE(rowcount,colcount) = Resistance + Rd +
i*wK*log(12*De/GMR);
elseif rowcount ~= colcount
Dist = Distance(rowcount,colcount);
ZPRE(rowcount,colcount) = Rd +
i*wK*log(12*De/Dist);
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end
end
end
ZBUS = ZPRE;
cpf = 2;

%---each phase has how many cables

voltage = [tv1;tv2;tv3;mv1;mv2;mv3];
% Modelling the load as a constant impedance based on the
entered power
% factor and ratings

LoadAngle = acos(PF);
% Assuming a Y-connection, the per-phase impedance is going
to be divided
% by the square root of 3.
ZLoad = ((VOLT/AMP)/(sqrt(3)))*(PF+i*sin(LoadAngle));
% Generating a total impedance matrix including the load
Ztot = eye(size(ZBUS));
Ztot = ZLoad*cpf*Ztot;
ZBUS = ZBUS*LENGTH/5280;
% Total impedance, don't forget that ZBus came in ohms per
mile, so a
% conversion is needed.
Ztotal = Ztot + ZBUS;
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% Module 4: Outputs
% Setting up the display
V = (VOLT/sqrt(3))*voltage;
CURRENT = inv(Ztotal)*V;
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Appendix C
Instructions of the Software
In order to use the program, the user must have the following inputs:
Voltage:
The input voltage (line-to-line) must be entered in the unit of volts. This represents the
actual operating voltage. For example, if the rated voltage is 13.8kV, then the user must
enter 13800.
Current:
The input current, in amperes, is taken from the specified rating of the cable bus as
required by the customer. If the customer provides a different “actual” rated load current,
use that value as the input. For example, if rated current is 3000A, then enter 3000.
Power Factor:
The rated power factor of the load is used to calculate the equivalent constant load
impedance. The rated power factor should be given by the customer, but most of the time
it is not given for a variety of reasons. Usually, a value can be assumed by the user or can
be picked from a recommended range below. Again, if possible, the user should obtain
this information from the customer.
Condition at job site:

Assumed PF

Factory location with motors, etc.

0.80 to 0.90

Power Plant Auxiliary

0.85 to 0.95

Office or Large Building Main Feeder

0.75 to 0.85

Residential Areas

0.70 to 0.80
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Unknown Default

0.85

Conductor Type:
This can be either copper (CU) or aluminum (AL). The program will ask for the
conductor type, using the numbers 1 for copper or 2 for aluminum.
Ambient Temperature:
The ambient temperature is entered in degrees Celsius. If not specified by the customer
(usually in the site condition information), then 40 is the default for North America, 50 is
the default for the Middle East. Take a look at the job site location for clues; higher
temperature should be assumed for the Southwestern US desert zone, for example.
Length:
Cable bus length must be entered in feet.
Cable Diameter:
The outer diameter of the cable should be taken from the datasheet of the cable that is
intended for use in this system. The unit is an inch. For example, a cable with 1-1/4” OD
will be entered at 1.25.
Conductor Size:
The program has a stored list of AWG and MCM conductor sizes. The user must
choose one of them.
Choose

Conductor Size

1

1/0 AWG

2

2/0 AWG

3

3/0 AWG
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4

4/0 AWG

5

250 MCM (250 kcmil)

6

350 MCM (350 kcmil)

7

500 MCM (500 kcmil)

8

750 MCM (750 kcmil)

9

1000 MCM (1000 kcmil)

Voltage Rating of Insulation:
The cables to be used in the cable bus can have an insulation rating that does not
exactly match the operating voltage. This input request from the program will ask for the
insulation voltage class. The choice of voltage class will be used by the program to select
the appropriate base resistance of the conductors because the construction of the
conductors for different voltage classes is slightly different and leads to slight differences
in resistance. The list of voltage rating classes is shown below.
Choose Value

Insulation Class

600

600 Volts, 80 mils of XLPE or EPR insulation

2.4

2.4kV unshielded, 140 mils of EPR insulation

5

5/8kV shielded, 115 mils of EPR or XLPE insulation

15

15kV shielded, 220 mils of EPR or XLPE insulation

35

35kV shielded, 345 mils of EPR or XLPE insulation
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Appendix D
Yalmip Toolbox of MATLAB
In order to solve the optimization problem, many solver programs have been built,
such as Cplex and Gurobi. However, these solvers require lots of time to build the
optimization models. In order to build the model efficiently, efficient modeling programs
and languages are needed. Yalmip is one of the most powerful and convenient toolboxes
for mathematical optimization model building [67].
Yalmip is a free MATLAB toolbox for modeling optimization problems. It solves the
optimization problem in combination with external solvers. The toolbox simplifies model
building of optimization in general and focuses on control-oriented optimization
problems in particular [68].
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Appendix E
Sample Code of Configuration Optimization
Attached is the sample code to find the best ampacity of three cables per phase under
balanced condition:
clear all
close all
% Prepare data
L=1; %---buried depth
dist1=0.3;

%---distance between each other

dist2=0.5;

%---distance between two rows

n=15;

%---how many cables

N=[1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1];
R=[0.0763e-3,0.0763e-3,0.0763e-3,0.0763e-3,0.0763e-3,
0.0763e-3,0.0763e-3,0.0763e-3,0.0763e-3,0.0763e-3, 0.0763e3,0.0763e-3,0.0763e-3,0.0763e-3,0.0763e-3];
lamda1=[0,0,0,0,0, 0,0,0,0,0, 0,0,0,0,0];
lamda2=[0,0,0,0,0, 0,0,0,0,0, 0,0,0,0,0];
Tamb=[20,20,20,20,20, 20,20,20,20,20, 20,20,20,20,20];
Tmax=90-Tamb;

%---temperature change

u=[1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1];
rous=[1,1,1,1,1, 1,1,1,1,1, 1,1,1,1,1];
Wd=[0,0,0,0,0, 0,0,0,0,0, 0,0,0,0,0];
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T1=[0.341,0.341,0.341,0.341,0.341,
0.341,0.341,0.341,0.341,0.341,
0.341,0.341,0.341,0.341,0.341];
T2=[0,0,0,0,0, 0,0,0,0,0, 0,0,0,0,0];
T3=[0.095,0.095,0.095,0.095,0.095,
0.095,0.095,0.095,0.095,0.095,
0.095,0.095,0.095,0.095,0.095];
T4=[0.751,0.751,0.751,0.751,0.751,
0.751,0.751,0.751,0.751,0.751,
0.751,0.751,0.751,0.751,0.751];
c= zeros(n,n);
d= zeros(1,n);
deno=zeros(1,n);
a=zeros(1,n);
% Calculate c and d matrix of all cables
% get d_o and d_prim
for i=1:5
for j=1:5
dprim(i,j)=sqrt(4*L^2+(i-j)^2*dist1^2)
d0(i,j)=abs(i-j)*dist1
end
for j=6:10
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dprim(i,j)=sqrt((2*L+dist2)^2+(abs(j-i)5)^2*dist1^2)
d0(i,j)=sqrt(dist2^2+(abs(j-i)-5)^2*dist1^2)
end
for j=11:15
dprim(i,j)=sqrt((2*L+2*dist2)^2+(abs(j-i)10)^2*dist1^2)
d0(i,j)=sqrt(4*dist2^2+(abs(j-i)-10)^2*dist1^2)
end
end
for i=6:10
for j=1:5
dprim(i,j)=sqrt((2*L+dist2)^2+(abs(j-i)5)^2*dist1^2)
d0(i,j)=sqrt(dist2^2+(abs(j-i)-5)^2*dist1^2)
end
for j=6:10
dprim(i,j)= sqrt((2*L+2*dist2)^2+(ji)^2*dist1^2)
d0(i,j)=abs(i-j)*dist1
end
for j=11:15
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dprim(i,j)=sqrt((2*L+3*dist2)^2+(abs(j-i)5)^2*dist1^2)
d0(i,j)=sqrt(dist2^2+(j-i-5)^2*dist1^2)
end
end
for i=11:15
for j=1:5
dprim(i,j)=sqrt((2*L+2*dist2)^2+(abs(j-i)10)^2*dist1^2)
d0(i,j)=sqrt(4*dist2^2+(abs(j-i)-10)^2*dist1^2)
end
for j=6:10
dprim(i,j)=sqrt((2*L+3*dist2)^2+(abs(j-i)5)^2*dist1^2)
d0(i,j)=sqrt(dist2^2+(abs(j-i)-5)^2*dist1^2)
end
for j=11:15
dprim(i,j)=sqrt((2*L+4*dist2)^2+(j-i)^2*dist1^2)
d0(i,j)=abs(i-j)*dist1
end
end
% do and dprim finished, now get c and d
for i=1:n
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sum1=0
for j=1:n
if j~=i
c(i,j)=(N(j)*R(j)*(1+lamda1(j)+lamda2(j))*u(j)*(rous(j)/(2*
pi))*log(dprim(i,j)/d0(i,j)))/(R(i)*T1(i)+N(i)*R(i)*(1+lamd
a1(i))*T2(i)+N(i)*R(i)*(1+lamda1(i)+lamda2(i))*(T3(i)+T4(i)
))
sum1=sum1+N(j)*Wd(j)*log(dprim(i,j)/d0(i,j));
else
c(i,j)=1
end
end
d(i)=(Tmax(i)Wd(i)*(0.5*T1(i)+N(i)*(T2(i)+T3(i)+T4(i)))(rous(j)/(2*pi))*sum1)/(R(i)*T1(i)+N(i)*R(i)*(1+lamda1(i))*
T2(i)+N(i)*R(i)*(1+lamda1(i)+lamda2(i))*(T3(i)+T4(i)))
end
% Build the optimization model using Yalmip toolbox
I=intvar(1,15);
pos=binvar(1,15);
intvar Ibase;
desired = [ zeros(1,6) Ibase Ibase
Ibase Ibase Ibase

Ibase];
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Ibase Ibase Ibase

f=-sum(I);

% max (maximize a

scalar function)
F=[implies(pos,I== 0)];
F=F+[sum(pos)==6];
F=F+[(c*(I.^2)')./d' <= 1];

%key constraint of each

arrangement
F=F+[sort(I)==desired];
F=F+[0<=I<=600];
F=F+[1<=Ibase<=600];
sol=optimize(F,f);
I=value(I)
pos=value(pos)
Ibase=value(Ibase)
% show temperature results
for i=1:n
Cont=(c*(I.^2)')./d';
Temp(i)=Tamb(i)+Cont(i)*(90-Tamb(i));
end
Temp
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Appendix F
Transfer Ampacity Calculation of an Optimization Problem
In order to write ampacity calculating equations in an optimization form, the
equations 5.2 through 5.6 in Chapter 5 are combined into equation 5.1 for cable 1, and the
following equation is obtained [15][23]:

(D-1)
(D-2)

For all other cables, similar result equations can be obtained as well.
Let

(D-3)
(D-4)
So that the ampacity calculating can be solved as an optimization problem.
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Appendix G
Data of Two Types of Cables
Table 5. Data of first type cable [23].
Parameters

N
R

Value

Parameters

3
0.079e-3
0
0
20
90
1

Value

1
0
0.341
0
0.095
0.637
72.9

Table 6. Data of second type cable [23].
Parameters

N
R

Value

1
0.0763e-3
0
0
20
90
1
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Parameters

Value

1
0
0.341
0
0.095
0.751
35.8
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